
NATIONAL AERONAUTLCS AND SPACE ADMINISTRATION - - -  

OXYGEN-JET BEHAVIOR DURING COMBUSTION INSTABILITY 

IN A TWO-DIMENSIONAL COMBUSTOR 

O T *  
By M. F. Heidmann 

F o r  Presentat ion at 
p.t 

c 6 ? ?  Fifth Liquid Propulsion Sym'posium of the 
Chemcical Propulsion Inform'ation Agency 

* 



t 

A 
s tab le  

OXYGEN-JET BMAPIOR DURXNG COMBUSTION INSTABILITY 
, 

W A WO-;DIMENSIO?TAL COEICBUSTOR 

by M. F. Heidmann 
4 .  

_ -  
* Lewis Research Center 

Natioilal e o n a u t i c s  and Space Administration 
Cleveland, Ohio 

_ ?  -. 

ABSTRACT / .63 93 
burning liquid-oxygen j e t  was observed photographically during both 
and unstable operation i n  a gaseous-hydrogen-fueled rocket combustor. 

The s tab le  j e t  appeared as a loosely contained mass of l iquid,  which disinte- 
grated i n t 0 . a  maze of interconnected ligaments. 'Normal drop formation was  not 
observed. During chugging in s t ab i l i t y ,  the oxygen flow r a t e  responded t o  
chamber-pressure osc i l la t ions  and caused large variations i n  the atomization 
process. 
t i on  and the quantity of l iqu id  within the combustor. 
the magnitude and the posit ion of the primary burning zone were evident. 
high-frequency transverse i n s t a b i l i t y  the length of the burning j e t  decreased 
from i t s  s tab le  value and responded t o  the osci l la t ions.  No abrupt change i n  
j e t  character is t ics  were evident during'the cyclic process. Mass removal ap- 
peared as a continuous process depending on gas velocity and the amount of 

The burning r a t e  appeared t o  respond t o  both the degree of atomiza- 
Cyclic variations i n  

With 

l i qu id  subjected t o  this velocity. A U T f f d <  

INTRODUCTION 

The atomization and burning of noncryogenic.liquids have been extensively 
studied i n  a var ie ty  or' cnvironments. 
which, for  many condi-kilons, adequately describes the combustion process. A 
similar knowledge about l i qu id  oxygen and other cryogenic l iquids  does not 
ex is t .  Nonburning studies of the atomization process of l iqu id  oxygen are 
incomplete. 
oxygen may be inadequate because of large and uncertain differences i n  the 
physical properties. One of the purposes of t h i s  study w a s  t o  obtain a gen- 
e r a l  physical description of a burning liquid-oxygen j e t  during s table  com- 
bustion t o  define unique characterist3cs requiring more extensive study. 

A basic understanding has evolved 

Extrapoiation of r e su l t s  for  noncryogenic l iquids  t o  l iquid 

. I '  

. .  

I 

' *  

Vith rega-d t o  unstable combustion, the inject ion and atomization pro- 
cesses a r e  only p a r t i a l l y  understood for  a l l  l iquids.  The dynamic behavior of 
in jec t ion  processes has been studied i n  shock tubes, resonant cavi t ies ,  pulsed 
l i qu id  flow systems, and other devices which produce unstable combustor con- 
di t ions.  Substant ia l  e f fec ts  on the atomization process have been observed, 
end z Cegree of understanding.is evolving. Most of the experimental techni- 
ques involve nonburning sprays. The dynamic behavior i n  a burning spray i s  

1 
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i s  more complicated because mass i s  continilally being removed by vaporization, 
mixing, and chemical reaction. This mass removal process can a l so  respond t o  
rap id ly  changing environmental conditions. 
the  inject ion process with -periodicity i n  the  combustion or mass removal pro- 
cess remains t o  be evaluated. 
analysis being conducted by R. J. Priem a t  the  Lewis Researrch Center. A re- 
l a t i o n  i s  evident between the l i qu id  mass within the  combustor and the  growth 
of a disturbance. The ne t  amount of m a s s ,  the  degree of cycl ic  var ia t ion i n  
t h i s  l i qu id  mass, and the  phase r e l a t ion  t o  the disturbance may provide a 
c r i t e r i a  fo r  s t ab i l i t y .  The analysis i s  fo r  screaming ins tab i l i ty ;  however, 
l i qu id  mass within the  combustor may be equally important for  chugging ins ta -  
b i l i t y .  A primary purpose of t h i s  study was  t o  observe an in jec t ion  and com- 
bustion process during i n s t h b i l i t y  t o  confirm the existence of cyclic var ia-  
t i ons  i n  atomization and other phenomena predicted from nonburning and theo- 
r e t i c a l  studies. _-- 

. The ne t  e f f ec t  of per iodici ty  i n  

Its importance i s  implied i n  an i n s t a b i l i t y  

/- _-- 
The studies reported herein were made i n  a two-dimensional combustor t h a t  

vations were made i n  the  s table ,  :hugging, and spinning transverse i n s t a b i l i t y  
regions. Liquid-owgen j e t s  I n  a diffuse hydrogen atmosphere formed the  basic  
in jec t ion  and combustion pattern.  

' permitted detai led observations of the  in jec t ion  and burning process. Obser- 

A two-dimensional c i rcu lar  combustor ( f ig .  1) was  used. T'e combustor 
basical ly  consists of a c i rcu lar  in jec tor  r ing  8 inches i n  diameter and 
1 /2  inch thick with 48 oxygen jets,  which i n j e c t  r ad ia l ly  toward' the center of 
the  ring. (Hydrogen i s  introduced i n  a diffuse manner near the  oxygen jets.) 
Both sides of the  r ing  are covered w i t ' ,  c;r(  1; 2:' ,= ~ <,:-,e soltci  and the 
other with an exhaist  por t  at  i t s  cent -. 5 e o: rJcL-L 3;. ,s &,*e C.OZl1 inch 
i n  diameter and a re  equally spaced aroi,., - -L 3 ;x;:. 'ei c:icc?. v L b  behavior w a s  
observed through 1-inch-diameter windovs, which were centered on an individual 
oxygen j e t .  

-- i 

Combustion tes ts  were made with a pressurized liquid-oxygen tank and flow 
I system tha t  was cooled t o  liquid-nitrogen temperatures. A pressure-regulated 

gaseous-hydrogen supply system a t  ambient tenperatures w a s  used. Combustion / 
pressure and oxygen and hydrogen flow r a t e s  were' the primary parameter mea- 
surements for  steady-state performance. A Kistler-ty;pe 601 pickup and detec- 
t i o n  system with a water-cooled holder w a s  used fo r  dynamic pressure measure- 
ments. 
t e c t  dynamic pressure conditions a t  the region of observation. 

l 

The transducer was  located immediately adjacent t o  the  window t o  de- ' 

Transverse combustion i n s t a b i l i t y  w a s  induced by tangent ia l ly  in jec t ing  
nitrogen gas through a 1/8-inch-diameter po r t  i n t o  the combustor. 

of 0.029, 0.055, 0.112, and 0.222 pound per second were used t o  vary the 
degree of i n s t ab i l i t y .  The flow r a t e  was establ ished by interchangeable 
C r i t i C a l - f l O W  o r i f i ce  r e s t r i c t o r s  located i n  the  flow l i n e  10 or i f i ce  a- 
ameters upstream of the  inject ionspoint ,  

The i n -  
JeCtiOn port w a s  near the  circumference of the  combustor. Nitrogen flow rates !\ 

Nitrogen gas.was in jec ted  fo r  0.3 t o  
I 0.4 second during a 1-second tes t  f i r i ng .  2 

In s t ab i l i t y  was induced by t h i s  technique i n  a similar two-dimensional 
/ c m 3 C s t o r  described i n  NASA Lewis 'film C-226, which i s  avai lable  on loan- 



, 
(A request card i s  included a t  the back of this paper.) 
high-speed motion pictures of s table  and unstable combustor operation as ob- 
served t2lrol;h P t r = s p u e z t  top zavsr plate. 
pat terns  a re  described for  spinning t r a n s v e r ~ e  in s t ab i l i t y -  

The film presents 

Overall combustion and flow 

51 this study high-speed motion pictures were taken through the 1-inch- 
A collimated l i g h t  beam from a concentrated zirconium a rc  diameter windows. 

' was passed through the combustor, and silhouette-$y-pe pictures were taken,. 
Ektachrome W type B col'or film was use& A cutoff f i l ter  placed between the 
l i g h t  source and the  combustgr passed a3 l  l i g h t  about 5800 A. The camera -1 
recorded a s i lhouet te  of the  oxygen j e t  agaiqst a red  baclrground with blue 
l i g h t  from the hydrogen and oxygen reactioq superimposed on this background. . 

I 

COMBUSTOR P E R F O ~ &  

The combustor performance over the operating range covered i n  this study 
i s  shown i n  figures 2 and 3, Char'acter$stic-velocity efficiency C* varied 
from 75 t o  90 percent, which indicated Zncomplete combustion, throughout the  
operating range when nitrogen gas was not i n j ec t ed ' t o  i n a i t e  ins tab i l i ty .  
Injection pressure e o p  (fig.  3) was high for hydrogen and low fo r  oxygen- . 
Oxygen pressure drop covered the range of i n t e re s t  i n  chugging ins tab i l i ty ,  
whereas hydrogen flow should have been re la t ive ly  i w e n s i t i v e  t o  chamber- 
pressure changes. 

The burning oxygen j e t  fo r  typic& steady-state combustion i s  shown i n  
f igure 4. This i s  an enlargement of a single 16-millimeter frame of color 
f i l m ,  which i n  a black-and-white pr in t  does pot c lear ly  show the burning zone, 
Analysis of such photographs shows tha t  a luminous combustion zone uniformly 
enveloped the j e t  at  the J e t  origin. The zone extended about 0.15 inch *om 
t'ne j e t  surface. The zone expanded and became turbulent downstream *om the  
J e t  origin. - E h g ~ ~ ~ g e n  J e t  was loosely confined as compared t o  water or 
hydrocarbon jets, P h q z e a r a n c e  during breakup was tha t  of a maze of inter-  
connected ligaments. 
typ ica l  drop formation was not observed within the l i m i t  of resolution, about 
100 t o  200 microns.' 

Isol6%t;ed..liquid par t ic les  were i r regular  i n  shape, and 

1 

A low surface tecsion i s  implied by the j e t  appearance, Surface tension 
var ies  w i t h  liquid-oxygen temperature. 
less than but comparable t o  that of hsfdrocarbops. The temperature of the  
burning j e t ,  however, i s  not known, and surface tension may be reduced t o  
extremely low values if combusti,o,n heat i s  transferred t o .  the oxygen. 
vaporization rate and the close proximity of the combustion zone may a l so  
a f f e c t  surface properties. Additional studies appear necessary t o  prescribe 
oxygen atomization character is t ics  within the combustor. 

A t  the inject ion temperature it i s  

A high 

I .  

CHUGGING INSTABILITY. 
e '  i 

f 

Self-induced chugging i n s t a b i l i t y  developed over a major portion of the 

The am-&tude of the  pressure osc i l la t ion  i s  divided i n t o  four 
combustion operating range. Figure 5 shows several  character is t ics  of this 
i n s t a 3 i l i t y .  
regions, w i t h  region 1 defined as stable. 
boundary between these regions i s  
condition ex is t s  with AP,/Pc 

The parameter that approximates t h e '  
APox/Pc (presented i n  fig.  3). A stable 

greater than about 0.25. 
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Two modes of o s c i l l a t i o n  here encountered, a fundamental chugging mode 
and a mode with a frequency about 2.7 times the  fundamental, 
frequency condition occurred randomly and only i n  region 2. 
been ident i f ied.  

This higher 
The mode has not 

The f o u r  regions were separated on t h e  bas i s  of pressure amplitude; t h e  

The most severe osc i l l a t ions  occurred i n  region 4, and a 
primary reason f o r  t h i s  divis ion w a s  t he  wave shape. 
shown i n  f igure 6. 
cusp-shaped wave, cha rac t e r i s t i c  of nonlinear e f fec ts ,  was obtained. A 
change i n  operating conditions toward a region of s t a b i l i t y  caused progressive 
changes i n  wave shape. 
becoming steep-fronted i n  region 2 before s t a b i l i t y  w a s  reached i n  region 1. 
An a l t e rna t ive  condition i f i  region 2 was a s inusoidal  high frequency and a 
mixed-mode wave shape. Such a progression i n  wave shape suggests a sh i f t i ng  
of phase r e l a t ion  between t h e  driving, driven, and resonant pa r t s  of t he  
system. 

The wave shapes are 

A sinusoidal  wave was evident i n  region 3, t h e  wave 
1 

1 

The oxygen-jet cha rac t e r i s t i c s  i n  t h e  four regions a r e  shown i n  f igu re  7. 
2-7 extreme osc i l la t ior ,  i n  flow r a t e  i s  evident f o r  region 4 with almost com- 
p l e t e  termination of flow during low flow conditions, 
such f low osc i l l a t ions  i s  the  l i qu id  mushroom t h a t  developed during flow ac- 
celeration. 
impinged or! lower ve loc i ty  flow that  had preceded it, and it caused a 
piling-up of oxygen. 
times. I ts  in t ens i ty  osc i l l a t ed  depending o p  t he  amount of oxygen present 
and i t s  degree of atomization or  dispersion. 

Tine in j ec t ion  and combustion process appears t o  have 
behwed nonlinearly, which may account f o r  t h e  shape of t h e  pressure wave ob- 
served i n  t h i s  region. 

A cha rac t e r i s t i c  of 

It was  produced when high-velocity flow leaving t h e  o r i f i c e  

Flame rad ia t ion  surrounded the  l i q u i d  oxygen a t  a l l  

The degree of atomization w a s  
bviousiy not constant. 

C'nangss i n  l iqu id- je t  charac te r i s t ics  were l e s s  severe i n  region 3 and 
e progressively more s t a b l e  i n  region 2. I n  some instances t h e  osc i l l a -  

T2arA i n  flame radiat ion,  not  shown i n  the  reproductions, was  more evident 
,:?an changes i n  ator; ,ation. Flame rad ia t ion  changes, however, may indica te  

Lused by an o s c i l l a t i o n  i n  pressure or  environmental 
-onLitions r a the r  t l l ~ ~ l  atomization. The descr ipt ion of t he  oxygen j e t  i n  
LL-ions 2 and 3 i s  not complete because of t h e  l imi ted  view through t h e  ob- 

. s ~ ~ . ~ r L i t i o n  ports.  
sir,iilar t o  those observed i n  region 1. 
osc i l l a t ions  were not i s o l a t e d  because'of t h e  random occurrence of this in-  

combustion changt 

Downstream of t h e  window t h e  j e t  may have had propert ies  
J e t  behavior during higher mode 

s Ldbility. 

'I'hese observations Indicate  t h a t  the atomization of l i q u i d  oxygen during 
~ ip~y- r ig  ;nay exhib i t  nonlinear behavior. This causes t h e  combustion zone t o  

b k L t i o n  process control led by oxygen in j ec t ion  and atomization than 
ioa ,uL(. atomization of other l i qu ids .  

, L i d & t e  i n  i n t ens i ty  and posit ion.  Such osc i l l a t ions  may be more severe 

The loosely bound property Of 
nd liganients makes i t  p a r t i c u l a r l y  sens i t i ve  t o  per turbat ions i n  
coxbustor conditions. 

_ -  
SPIJTNnTG ' I " S W E  INSTABILITY 

/-- Tne nodes of t ransverse i n s t a b i l i t y  induced by n i t r s e n  flow a r e  shown 
2 -  __. *-;-a-e 8. Sustained osc i l l a t ions  was t h e  c r i t e r i a  separating s t a b l e  and 

.- - 
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unstable regions regardless of the wave amplitude, "he boundaries separating 
s t a b i l i t y  regions are  approximate and are primarily shown t o  indicate trends, 
The f i r e t  t,rnn~~.~%-se mode was ident i f ied  as spinning by simultaneous observa- 
t ions a t  several positions i n  the  combustor. 

A comparison of t he  four s t a b i l i t y  maps i n  figure 8 shows the ' e f f ec t  of 
nitrogen flow rate on inducing instabi l i ty .  As nitrogen f l o w  rate increased, 
the unstable dperating region expaaded. 
also increased and was approximately proportional t o  the increase i n  nitrogen 
flow. 
second as the  i n s t a b i l i t y  region expanded. 
i n s t a b i l i t y  occurred a t  low oxygen flow rates. 
was not as extensive as th& when there was no nitrogen flow and generally 
exhibited an increase i n  f'requency. 

A c i rcu lar  flow was induced by the in jec t ion  of nitrogen gas, which 
changed the normal burning process and produced conditions conducive t o  BUS- 
ta lning combustion ins tab i l i ty .  Several tests d t h  hydrogen ra ther  than 
nitrogen inject ion indicated that the momentum of the injected gas establishes 
the degree of ins tab i l i ty .  Inertia and other forces res i s t ing  c i r cu lm flow 
would be assumed t o  be controll ing parameters. A constant tangential  flow-- 
rate would be most effective i n  inducing c i rcu lar  flaw a s m  co-or ' 

pressures. 
nitrogen flow rates induced in s t ab i l i t y  a t  low presswes.  

The amplitude,of the  osc i l la t ion  
' 

It is in te res t ing  t o  note t h a t  the t h i r d  ha.rmonlc occurred.prior t o  the  
Combined chugging and transverse 

The chugging region, however, 

Tfie s t a b i l i t y  mps appear t o  r e f l e c t  this condition, since low 

The f'requency and pressure Apli tude of the osc i l la t ion  for  the highest 
nitrogen flow conditioncare shown i n  figures 9 and 10. The frequencies com- 
pare very closely t o  t h a t  of a 100-percent-efficient combustor, although t h e y ,  
were somewhat lower a t  lesser  nitrogen flows. A di rec t  comparison with per- 
lormance efficiency w a s  not made oecause combustor pressure was measured near 
the circumference andnthe added pressure drop due t o  c i rcular  or vortex flow 
increased the presswe needed for performance evaluations by an unknown 
a o m t .  
t a i n t i e s  caused by wave shape and transducer response, 

The amplitude shown i n  figure 10 i s  approximate because of uncer- 
A transducer calibra- 

t i o n  showed l i n e a r i t  
ever. 

-.f +lo percent f o r  frequencies up t o  10,000 cps, how- 

As operating conditions were changed toward a region of s t ab i l i t y ,  a 
progressive change i n  the wave shape of the pressure osci l la t ions w a s  ob- 
served. 
ure  11, although additional variations were a l s o  detected. 
gression was somewhat similar t o  tha t  observed w i t h  chugging ins tab i l i ty ,  
i.e., steep-fronted waves t o  higher modes t o  s tab le  combustion. Again, a 
time response tha t  a f fec ts  amplitude, frequency, and wzve shape of the  os- 
c i l l a t i o n  i s  implied. Q 

The general nature of the wave-shape progression i s  shown i n  f ig-  
Wave-shape pro- 

The progression observed i n  wave shape a l so  implies that one form of 
s t ab le  combustion may r e su l t  from a highly responsive process tha t  drives an 
extrexely high frequency a t  low amplitude. 
region v i th  high nitrogen flow contained high-frequency hash, whereas a 
saooth record existed without nitrogen flow. 
have been s t ab le  for  d i s t i nc t  reasons. 
shows that  s t a b i l i t y  can ex i s t  with low and extremely high burning rates;  ~ 

i n s t a b i l i t y  occurs a t  some intermediate burning rate .  

Pressure records i n  the stable 

These two stable conditions may ' 

I!\ The theor&t ica l  analysis by'FYiem 

S t a b i l i t y  with and 
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without nitrogen flow may be of these two types. 

High-speed motion pictures  of t h e  j e t  during the  t rans ien t  from stable 
t o  unstable combustion axe shown i'n f igu re  =(a). Cross veloc i ty  caused by 
t h e  nitrogen f l o w  accelerated t h e  combustion process and reduced the  length 
of' t he  oxygen j e t .  
i nd ica t e  tha t  the  nitrogen flow establ ished a new l e v e l  of combustion rate 
followed by t h e  growth of an osc i l l a t ion -  The nitrogen flow establ ished a 
condition conducive t o  i n s t a b i l i t y  ra ther  than pulsing t h e  combustor i n t o  an 
unstable  condition. 

Study of such photographs together with pressure records 

The stable-to-unstable t r a n s i t i o n  i n  a region of strong chugging ins ta -  
Combustion pressure b i l i t y  d i f fe red  i n  character, 'as sham i n  f igure  12(b).  

was increased by nitrogen addi t ion and accelerated burning. 
reac ted  t o  the  pressure change and terminated f o r  a shor t  period of t i m e .  
The osc i l l a t ion  pe r s i s t ed  through a period when there  was no burning. 

Oxygen flow rate 

Je t  behavior during t ransverse i n s t a b i l i t y  of the  f i rs t  mode is shown i n  
These photographs t i m e  resolve j e t  behavior during wave motion by 

I a stroboscopic effect .  Successive photographs display conditions i n  sue- 
' cessive osc i l la t ions .  The photographs, however, were taken a t  an advancing 

One t o  two cycles are dis-  

f igure  13. 

phase r e l a t i o n  with respec t  t o  t h e  osc i l l a t ion .  
played by t h i s  technique i n  f igure  13. 

Figure 13( a) shows j e t  behavior during high-amplitude osc i l la t ions .  
The j e t  length var ied during the  Average j e t  length w a s  about 1/4 inch, 

o sc i l l a t ion ,  however. Precise tracking of t h e  j e t  length i s  d i f f i c u l t  because 
of t h e  stroboscopic technique. 
peated for  each cycle, and d e t a i l  changes have not been t i m e  resolved. 
varying j e t  length ind ica tes  t h a t  l i q u i d  mass within t h e  combustor var ied  
per iodical ly ,  which agrees with ana ly t i ca l  deductions obtained i n  reference 1. 

I Jet  cha rac t e r i s t i c s  were not prec ise ly  re- 
The 

Gas veloci ty  appears t o  have caused the  vai-iations i n  j e t  length. The 
ve loc i ty  e f f ec t  was nost  pronounced a t  t h e  leading edge of t he  jet. The 
e f f e c t  was  not abrupt.. 
3roughout  the cycle. Loosely confined oxygen w a s  displaced or s t r ipped  from 
'L-A? nain body and rap id ly  disappeared because of vaporization and burning. 

It appears t o  have pe r s i s t ed  a t  varying degrees 

Figures 13(b) t o  (d) show j e t  behavior a t  progressively less severe 
osc i l l a to ry  conditions. Average j e t  length increased, and t h e  mass removal 
process became l e s s  severe. Shat ter ing of t h e  main bulk of t h e  j e t  was not 
observed under any conditions. 
however. Stripping of l i q u i d  from the  main body. appears as a more important 
f ac to r  than e f f ec t s  caused by in t e rna l  exc i t a t ion  within t h e  l iqu id .  

Shat ter ing of ligaments may have occurred, 

SUMMARY OF RESULTS 

A study of t h e  behavior of liquid-oxygen je t s  i n  r e l a t i o n  t o  combustor 
p r l c r n a c e  charac te r i s t ics  gave the  following r e s u l t s :  

\ ;Ti t in  s t a b l e  combustion, a loosely confined j e t  was  formed, which dis- 
'Combustion r ad ia t ion  in tegra ted  i n t o  a maze of interconnecting ligaments. 

slxi-ounded the  j e t  and the  ligaments. Normal drop formation was  not observed. 
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wzve 
sure 

Chugging i n s t a b i l i t y  was  characterized 
shape, frequency, and amplitude of the  
osci l la t ions caused prcmuiced changes 

by progressive changes i n  the - - ’ I  

pressure oscil lations.  The qres- I 

i n  the oxygen flow r a t e  apd the 
degree of atomization. 

bustor. 

Combustion radiation varied in position and magnitude 
depending on the degree of atomization and the  amount of l iquid i n  the corn= .. 

A complex interact ion of parameters i s  implied. 

Screaming instabi l i ty ,  with a spinning transverse,mode predominating, 
was induced by tangenti- injected nitrogen gas. Wave shape, f’requency, 
and amplitude of the pressure osci l la t ions showed progressive changes that 
indicated EL. variable response time of interact ing parameters. The average 
length of the  oxygen j e t  decreased during screaming, 
periodically with the  osc i l la t ion j  however, no abrupt changes i n  atomization 
were ,observed. 
of the j e t  by the vsrying gas velocity that accompanied the osci l la t ion.  
process varied with the amplitude of the osci l la t ion,  

The je t  length varied 

Oxygen appeared t o  be continuously stripped from the  main bulk 
The 

CONCLUDIX REMAliKs ’ 

A unique chaxacterist ic of the burning liquid-oxygen j e t s  observed in 
this study was the  loosely continued nature of the jet. 
evaluation of this j e t  s t ructure  and breakup process is  needed be fm53he  

scribed, This j e t  property a l so  appears t o  make the burning process paxticu- 
l a r l y  sensi t ive t o  flow rate and combustor environment changes encountered 
during combustion ins tab i l i ty .  j e t  behavior during in s t ab i l i t y  appears t o  be 
an important interact ing process, as was anticipated from analyt ical  studies. 
Only a general physical description of the behavior was obtained, whereas 
specif ic  knowledge of changes i n  the atomization and mass-removal process i s  
rieeded, 
rarieters i s  a lso needed t o  proceed i n  the evaluation of analyt ical  models of 
coxbustion ins tab i l i ty ,  
jet aakes t h i s  combustor applicable t o  further studies of this type, 

A more quantitative---  

steady-state burning process of l i qu id  oxygen a d  hydrogen ------ can be fully de- 

The phase r e l a t ion  between j e t  behavior and various combustor pa- 

The a b i l i t y  t o  observe the behavior of the burning 

I 
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A 15 minute, 16m, sound; color film (NASA Le*s f i l m  C-226) pertaining 
t o  a two-dimensional c i rcular  combustor of the type used i n  this study has 

1 

_/-- been prepared. 
'led resonance and high speed motion pictures of the overall  cam^6ustion 
process. 

The film presents an animation of spinning transverse a c w -  ' 

Lewis f i l m  C-226, en t i t l ed  ' b u l i Z a t i o n  Studies of Combustion Insta- 
b i l i t y  i n  a Hydrogen-Oxygen Model Combustor," i,s available on request from 

i 

T Chief, Technical Infomaation Division (5-5) 
National Aeronautics and Space Administration 
Lew3s Research Center' 
21000 Brookpark Road 
Cleveland, Ohio. 44135 
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Please send, on loan, Lewis fi lm 

Date 

Cr226 

Name of organization 

S t r ee t  number 

. .  
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FIGURE 4 .  - TYPICAL OXYGEN JET 
WITH STABLE COMBUSTION. 
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F I G U R E  8. - TRANSVERSE I N S T A B I L I T Y  R E G I O N S .  
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( c )  NITROGEN FLOW, 0.112 LB/SEC. 

FIGURE 8. - CONTINUED.  TRANSVERSE 
I N S T A B I L I T Y  R E G I O N S .  
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